Dear Editor, Foci of cell death are commonly observed in core regions of solid tumors as a result of inadequate vascularization and subsequent metabolic stresses such as hypoxia and glucose deprivation. Since the morphology of dead tumor cells appears to be necrotic, it is often referred as tumor necrosis. Tumor necrosis has been found to be associated with tumorigenesis and poor prognosis for years, 1 but the role of necrosis in tumor development is still largely unknown. Additionally, the molecular mechanism of necrosis is an under-studied area due to the lack of experimental system for manipulating necrotic cell death. Necroptosis is a form of programmed, caspase-independent necrosis. 2 Studies on TNF-induced necroptosis have improved our understanding on the molecular mechanism of necroptosis. It is now known that the protein kinases receptor interacting protein kinase 1 (RIPK1), RIPK3 and the mixed lineage kinase domain-like (MLKL) constitute the core of the necroptosis machinery. [3] [4] [5] Importantly, RIPK3-mediated phosphorylation of MLKL results in MLKL oligomerization and its subsequent translocation to the plasma membrane. 6 Necroptotic pathway may be involved in tumorigenesis, 7 ,8 yet it is not clear if tumor cells undergo necroptosis during tumor development and if so, what role does necroptosis play in tumorigenesis and tumor metastasis. In this study, we demonstrated that necroptosis of tumor cells is responsible for tumor necrosis and is critical for metastasis.
Tumor necrosis was often observed in the core regions of solid tumors that had reached a certain size as seen in the MMVT-PyMT breast tumor (Supplementary information, Figure S1a ). 9 Although necroptotic pathway has been reported involved in tumor development, 8 it is unclear whether tumor cells undergo necroptosis during tumor progression, and whether necroptosis plays any role in tumor necrosis. To explore the potential involvement of necroptosis in tumor necrosis, we first examined the expression of MLKL protein and its phosphorylation status, which is the hallmark of activated necroptosis, 3, 4 in different MMVT-PyMT breast tumor samples by immunohistochemistry. We found that MLKL expression levels were dramatically elevated in tumor cells during tumor growth and the phosphorylation of MLKL was detected specifically in cells around necrotic areas (Fig. 1a and Supplementary information, Figure S1b ). This result suggests necroptosis may be engaged in dying cells within necrotic areas, which was confirmed by the presence of oligomerized MLKL, another indication of necroptosis activation, in tumor samples with tumor necrosis (Fig. 1b) . Since RIPK3 expression is reduced in tumors due to increased DNA methylation, 10 we also checked RIPK3 protein level in MMVT-PyMT tumors. As shown in Fig. 1b , middle panel, RIPK3 expression was mild in the early stages of the MMVT-PyMT tumors, but significantly increased in the late stages, which bear tumor necrosis. The engagement of necroptosis in tumor necrosis was also observed in human breast, lung, and liver cancer samples (Fig. 1c, d and Supplementary information, Figure. S1c). These results indicate that necroptosis in tumor necrotic areas is a general phenomenon in solid tumors.
To investigate the role of necroptosis in tumor necrosis and tumorigenesis, we examined whether the loss of MLKL in tumor cells affects tumor necrosis, tumor development and tumor metastasis in an orthotopic breast cancer model. In this model, breast cancer cells, MVT-1, were implanted in the mammary fat pads of mice, where breast tumor developed and then metastasized to the lung within four weeks. 11 Similar to MMTV-PyMT tumors, MVT-1 breast tumors also showed necrosis and phosphorylated MLKL expression in tumor cells near necrotic areas ( WT and MLKL KO MVT-1 tumors grew at a similar rate until 4 weeks after implantation ( Fig. 1f and Supplementary information, Fig. S2d ). However, by 5 weeks, MLKL KO tumors were slightly smaller than WT tumors (Fig. 1f) . Besides, cell death was dramatically reduced in MLKL KO tumors compared to WT tumors ( Fig. S3b ). However, almost no phosphorylated MLKL was observed in MLKL KO tumors (Supplementary information, Fig. S3b ), indicating that the infiltrating host cells are not as sensitive as tumor cells to necroptosis. These results also confirmed our conclusion that necroptosis occurs in tumor cells near necrotic cores. Since abolishing necroptosis of tumor cells did not completely block tumor cell death (Fig. 1g, Supplementary information, Figure S2e and S3b), we then further examined tumor death in MLKL KO tumors. Most cells in the dead areas of WT tumors had typical necrotic morphology-rounded with intact nuclei, while those in the dead areas of MLKL KO tumors were broken down with fragmented nuclei (Fig. 1h) , which raised the possibility that tumor cell death may switch to apoptosis when necroptosis is blocked in MLKL KO tumors. To explore this possibility, we performed TUNEL assay, a widely-used method to detect apoptotic cell death in these tumor samples. Much fewer cells were TUNEL positive in the dead area of WT tumors compared to those in MLKL KO tumors (Fig. 1i) . These results indicated that necroptosis, but not apoptosis, occurs in the dead areas of WT tumors and blocking necroptosis switches tumor necrosis to tumor apoptosis. Surprisingly, tumor metastasis to the lung was almost completely abolished in MLKL KO MVT-1 cell-implanted mice (Fig. 1j) . We also generated MLKL knockdown MVT-1 cells and similar results of tumor necrosis, tumor growth and tumor metastasis were observed (data not shown). As a control, we intravenously injected WT or MLKL KO MVT-1 cells into WT FVB mice through tail vein and found no difference in lung metastasis (Fig. 1k) . These (Fig. 1l, lower panel) , consistent with previous finding, 12 indicating that there is no metastasis defect of MLKL KO MVT-1 cells to the lung. Our data suggest MLKL mediated necroptosis in tumor cells leads to tumor necrosis and is critical for lung metastasis. As shown in Supplementary information, Figure S4a , S4b and S4c, production of inflammatory cytokines, IL-1β and TNF-α, was significantly reduced in macrophages from MLKL KO tumors, indicating the contribution of necroptosis-induced inflammation to the tumorigenesis difference between WT and MLKL KO tumors.
Although tumor necrosis is often seen in aggressive solid tumors with poor prognosis, the underlying mechanism of tumor necrosis and its role in tumor development and tumor metastasis is largely unknown. In this study, we showed for the first time that tumor cells undergo necroptosis under physio-pathological conditions, in areas of tumor necrosis in murine and human solid cancers. Our study provides the first in vivo evidence for the critical role of tumor cell necroptosis in tumor growth and metastasis, raising the possibility to develop novel cancer treatment strategy by targeting necroptosis. 
